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Abstract. 


During  the  last  two  years  at  Kiel  Institute  three  ways 
have  been  followed  to  obtain  plasmas  with  temperatures  up 
to  100  000°  K.  The  first  approach  pulsing  an  arc  by  high 
ourrent  was  not  as  successful  as  desired  beoause  confinement 
breakers  down.  The  second  experiment  was  a  linear  pinch.  In 
the  center  of  the  discharge  temperatures  higher  than  80  000°K 
could  be  measured  the  radiation  being  emitted  from  thermally 
excited  atoms. 

The  third  way  this  report  deals  with  is  the  magnetic 
compression  of  a  preionized  discharge  in  helium  by  an  outer 
magnetic  field.  Preionization  was  effected  by  use  of  a  pulsed 
discharge  fed  by  a  capacitor  bank.  Plasma  parameters  were 
determined  using  quantitative  spectroscopic  methods.  Dis¬ 
tributions  of  plasma  parameters  in  space  and  time  could  be 
investigated  by  time  resolved  spectroscopy.  Electron  density 
rises  to  more  than  10  cm  '{  temperature  was  found  to  be 
70  000°  K  at  most.  Several  methods  to  determine  plasma 
parameters  yielded  .the  same  results  thus  proving  the  plasma 
to  be  in  local  thermodynamic  equilibrium.  Radiation  was 
found  to  be  emitted  from  optically  thin  layers. 

With  more  energy  stored  in  the  capacitor  bank  feeding 
the  magnetic  field  and  a  still  more  effective  preionization 
a  further  increase  in  temperature  may  be  expected. 
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A.  Introduction 

The  interpretation  of  observations  in  astrophysics  and  of 
measurements  in  the  field  of  thermonuclear  fusion  research  is 
strongly  dependent  on  the  knowledge  of  properties  of  matter  at 
very  high  temperatures.  The  most  important  parameters  in  a  plasma 
are  electron  density,  temperature  of  the  several  species  of 
particles,  and  the  composition  of  the  plasma.  In  high-tempeature 
plasmas  these  parameters  can  be  obtained  best  by  using  quantita¬ 
tive  spectroscopic  methods.  This  procedure  involves  a  complete 
understanding  of  line  shifts  and  broadening  and  of  line-  and 
continuum  intensities  either  from  theory  or  from  experimental 
investigation.  In  case  of  local  thermodynamic  equilibrium  inten¬ 
sities  and  number  densities  of  the  components  can  be  computed 
easily:  at  constant  pressure  these  values  are  functions  of  tem¬ 
perature  only,  and  this  temperature  is  equal  for  all  components, 
because  the  width  of  spectral  lines  increases  with  rising  electron 
density,  isolated  lines  can  only  be  observed  at  electron  densities 
below  an  upper  limit.  On  the  other  hand  the  configuration  and  the 
confinement  of  the  plasma  should  be  of  simple  geometry  in  order 
to  allow  an  evaluation  of  temperature  gradients  and  of  the  optical 
pa  t  h . 

Temperatures  up  to  20ooo°  K  ,  in  exceptional  cases  up  to 
'jOooo  K  1 ,  can  be  produced  in  stationary  arc  discharges.  A 
further  rise  in  temperature  is  limited  by  the  wall  materials’ 
breaking  down.  It  appears  possible  to  investigate  temperature 
rises  during  a  short  interval  of  time  in  pulsed  arc  discharges  ^ 
But  in  this  kind  of  discharges  pressure  is  unknown;  in  addition 
fluctuations  and  oscillations  of  the  plasma  influence  severely 
a  detailed  investigation. 

Another  method  to  produce  plasmas  in  the  range  of  20ooo°  to 
lOOooo0  K  is  to  compress  and  so  to  beat  a  plasma  by  means  of 
magnetic  fields;  to  approaches  were  made  in  this  field  of  re¬ 
search:  the  linear  pinch  ^  and  the  compression  of  a  plasma  by 
an  external  magnetic  field  (or  0-pinch)  ^ . 
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In  this  report  we  will  deal  with  the  quick  magnetic  com¬ 
pression  of  a  preionized  helium  plasma.  Helium  has  been  chosen, 
because  oscillator  strengths,  continuum  absorption  coefficients, 
and  line  broadening  parameters  are  well  known  for  this  element. 


B.  The  Experimental  Set  up. 

la)  Circuit  for  the  production  of  the  quickly  rising 

magnetic  field. 

Twenty  capacitors  40  pF,  6  kV  each  are  connected  by  a  linear 
transmission  line  of  low  inductivity  as  shown  in  fig.  1,  allow¬ 
ing  a  loading  voltage  of  12  kV.  The  transmission  line  consists 


Fig.  1.  The  connection  of  the  capacitors  (schematic). 

1.  capacitors  40  jiF,  6  kV 

2 .  spare  gap 

3.  coil 

4.  transmission  line 

of  flat  parallel  leads  of  aluminum  1  cm  thick  and  20  cm  broad 
each,  and  of  a  thin  copper  sheat  being  the  other  conductor.  The 
two  leads  and  the  copper  conductor  are  separated  by  0.5  mm 
Hostaphan  (or  Mylar)  with  a  break  down  potential  of  160  kV/mm, 
and  pressed  together  by  clamps.  The  capacitors  are  fixed  to  the 
leads  by  coaxial  connectors.  A  cross  section  of  the  comphte  li: 
is  shown  in  fig.  2. 

The  discharge  circuit  was  operated  by  a  spare  gap  triggered 
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externally,  thus  producing  the  magnetic  field  in  a  one  turn  coil. 
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Fig.  2.  Connection  of  the  oapacitors  to  the  linear  transmission 
line. 

1.  parallel  leads  of  aluminum  1  cm  thick  20  cm  broad  eaoh 

2.  Hostaphan  insulation 

3.  ceramic  insulator  fastened  to  the  condensor  casing  5 

4.  outer  conductor  of  the  coaxial  lead 

6.  rubber  insulator 

7.  inner  conductor  of  the  coaxial  lead 

8.  copper  sheat  0.5  nun  thick 


The  coil  of  iron,  inner  diameter  4.5  cm  and  8.0  cm  long,  is 
welded  carefully  to  an  iron  part  of  the  transmission  line  smoothly 
enlarging  to  a  width  of  20  cm.  Because  of  skin  effect  the  current 
passes  only  at  the  inner  surface  of  the  ooilf  therefore  the  outer 
form  of  the  coil  is  practically  without  influence.  On  one  side 
the  iron  part  is  screwed  firmly  to  the  aluminum  lead  usin^  ocft 


copper  to  reduce  electrical  resistance.  On  the  other  side  the  coil 
is  connected  to  the  spare  gap  switch  of  small  inductivity,  inter¬ 
secting  the  transmission  line.  The  spare  gap  made  out  of  iron  is 
shown  in  fig.  3.  One  rod  of  the  gap  is  fitted  with  5  trigger  pins; 
the  3  triggering  spares  are  fired  simultaneoidLy  in  parallel  in 
order  to  reduce  the  inductivity  of  the  gap  to  one  fifth  of  the 
inductivity  of  a  single  spare.  A  view  of  the  entire  installation 
can  be  seen  from  the  photograph,  fig.  4. 


Pig.  3.  Sparc  gap  of  half-cylindrical  shape. 

1.  iron  electrodes  20  cm  broad  each 

2.  talc  insulation 

3.  insulating  tubing  made  out  of  plastic 

4.  trigger  rod  (steel) 

5.  insulator  made  out  of  Pertinax 

6.  copper  sheat,  see  fig.  2 

7.  leads  of  aluminum 

8.  Hostaphan  insulation 

Using  a  small  probing  coil,  the  time  of  one  oscillation  of 
the  total  installation  was  measured  to  v  ■  22.0  psec, 
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Fig.  4.  Total  view  of  the  pulse  current  condensor  hank  (viewed 
from  the  side).  Notice  spare  gap  and  one  turn  coil,  and 
at  left  hand  of  the  picture  12  kV  voltage  supply  and 

triggering  condensor. 

From  Thomson's  formula  for  a  damped  oscillation: 

$*2k/lC 

with  A  logarithmic  decrementum,  the  total  inductivity  of  the 
circuit  can  be  obtained.  %ith  A  *  0.947  we  find: 

L  -  59.8  nHy. 

The  capacitors  were  charged  to  UQ  *  12  k?j  so  we  obtained  the 
ourrent  xptise  at  t  ■  0 

U  in 

jj  «  j2.  *  2.0*10xa  aaps/sec  . 

The  maximum  of  the  discharge  current  is  calculated  to  be: 

Jmax  *  Uo{¥  m  6.58*  10®  saps  . 

The  magnetic  field  H  in  the  coil  can  be  measured  by  a  small 
probing  ooil  the  area  of  witch  is  to  be  determined  at  first*  This 
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was  done  by  a  high-frequency  fed  Helmholts  coll. 

From  Faraday's  law  we  get  the  induced  voltages 

♦ 

V  -  -  |*H  or  H(t)  -  -  !  [  V  dt  . 

i 

The  probing  coil  was  connected  to  a  60ft  -cable  with  a  60fl  resistor 
at  the  input  of  the  oscilloscope.  The  voltage  at  time  t  ■  0  could 
not  be  marked  on  the  oscillogramjds  inspit#  of  carefully  screening 
the  coil  by  copper  covering.  Therefore  the  maximum  voltage  was 
extrapolated  from  the  succeeding  damped  oscillations.  In  the  maximum 
of  the  first  half-period  of  the  oscillation  the  magnetic  field  in 
the  center  of  the  coil  was  found  to  be 

H  -  98600  Oe 

at  a  charge  potential  of  12  kV.  Mounting  the  coil  at  different 
radii  the  radial  distribution  of  the  magnetic  field  could  be  ob¬ 
tained.  For  the  maximum  of  the  second  half-period  this  is  shown 
in  fig.  5. 
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Fig.  5>  Radial  distribution  of  the  magnetic  field  inside  the  coilt 
obtained  in  the  second  half-period  of  the  magnetic  field 
discharge  using  a  small  probing  coil. 


lb)  The  operation  of  the  trigger  circuit 


We  explain  the  function  of  the  circuit  by  considering  fig.  6 
and  7.  A  positive  pulse  of  200  V  amplitude  is  given  to  the  grid 
of  a  hydrogen  thyratron  PL  435*  This  getting  conduotlve  a  capa¬ 
citor  of  0.1  pF  previously  charged  to  12  kV  causes  a  potential 
drop  at  the  resistor  25  k A  thus  firing  the  spare  gap  1.  The 
12  kV-pulse  produced  here  results  nearly  simultaneously  into 
firing  the  five  spares  at  the  end  of  the  parallel  coaxial  oables. 


I-’ig.  6.  Wiring  of  the  triggering  device  switching  the 

spare  gap. 
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lo)  The  pre ionization  . 

The  effect  of  magnetic  compression  is  strongly  influenced 
by  the  efficiency  of  preionization.  Earlier  experiments  taking 
a  glow  discharge  only,  were  of  small  sucoess  beoause  ionization 
was  unsuffioient.  Using  a  capacitor  bank  as  preionizing  power 
supply  the  electron  density  and  the  electric  conductivity  of  the 
helium  plasma  could  be  increased  to  a  much  larger  scale.  In  order 
to  obtain  stationary  conditions  before  and  after  magnetic  com¬ 
pression  the  battery  was  connected  to  give  a  rectangular  current, 
pulse  during  ca.  500  jisec.  This  could  be  done  using  resistors 
and  coils  as  additional  elements.  The  coils  were  wound  on  insu¬ 
lating  tubes  and  then  fixed  with  shellac,  to  sustain  ^he  magnetic 
forces.  The  pre ionizing  circuit  is  shown  in  fig.  8.  The  current 
pulse  can  be  seen  from  fig.  9. 


200kQ 


Pig.  8.  Wiring  of  the  capacitor  bank  used  for  pre ionization. 

The  capacitor  bank  could  be  fired  by  a  spare  gap  of  half-spherical 
shape  using  the  triggering  device  of  fig.  10  which  was  started 
with  a  light  pulse. 


i'ig.  9.  Current  of  pre ionizing  discharge.  The  dotted  line  denote i 
the  time  where  the  magnetic  field  for  compression  is  firi 

XECC85  XECC&  PL21 
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Id)  The  glow  discharge. 

Discharging  a  high  current  pulse  through  a  tube  of  relatively 
large  diameter  the  uniformity  of  the  plasma  is  often  disturbed 
by  accidental  effects  at  the  electrodes  or  the  surface  of  the 
tube.  In  order  to  avoid  this  and  so  to  induce  homogenous  ioni¬ 
zation,  a  glow  discharge  of  100  m  amps  was  started  before  firing 
the  capacitor  bank.  The  high-voltage  supply  can  be  seen  from 
fig.  11.  In  order  not  to  destroy  the  device  when  firing  the 
pulse,  the  discharge  tube  is  separated  from  the  high-voltage 
supply  by  a  vacuum-tube  rectifier  AG  1006. 


tilamtnt  currtnt 


fig.  11.  Wiring  of  the  high-voltage  supply  for  the  pre ionizing 

glow  discharge. 


2)  The  discharge  tube. 

The  construction  of  the  discharge  tube  is  shown  in  fig.  12. 
Two  electrodes  of  pure  aluminum  shaped  as  a  half  sphere  and  a 
plane  respectively  are  fixed  vacuumtight  to  a  straight  pyre* 
glass  tube  of  3.8  cm  inner  diameter  and  13  cm  height  using  plane 


Fig.  12.  Cross  cut  of  the  discharge  tube. 

1.  Blocks  of  aluminum  covering  the 
ends  of  the  discharge  tube 

2.  electrodes  made  out  of  aluminum 
of  high  purity 

3.  pyrex  glass  tube 

4.  plane  rubber  rings 

5.  copper  rings  to  reduce  contact 
resistance 

6.  glass  rod  to  keep  the  volume 
not  heated  small 


rubber  rings  and  clamps.  The  tube  is  mounted  inside  the  coil 
and  connected  to  the  capacitor  bank  by  a  coaxial  cable.  To  get 
a  symmetrical  discharge  the  backlead  near  the  tube  was  mads 
as  cylindrical  as  possible  using  a  number  of  copper  wires  of 
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suitable  profile.  After  a  careful  evacuation  to  some  10~'*  torr 
by  a  mercury  diffusion  pump  system  and  oold  traps  the  discharge 
tube  was  filled  with  commercial  pure  helium  gas  up  to  12  torr 
pressure . 

3)  The  optical  arrangement  and  the  photographical  technique. 


In  order  to  obtain  plasma  parameters  as  a  function  of  space 
and  time  the  discharge  was  observed  from  the  side  through  a  slot 
in  the  coil  of  2  mm  width,  arranged  perpendicular  to  the  axis 
of  the  discharge.  3o  the  radial  distribution  could  be  drived 
from  the  spectra  using  Abel's  integral  equation 

We  explain  the  operation  of  the  optical  arrangement  using 
fig.  13.  The  light  emitted  from  the  plasma's  cross  section  is 


co^+ 


Pig.  13.  Optical  arrangement  for  time  resolved  spectroscopy 
of  the  pulsed  discharge  compressed  by  a  quickly 
rising  magnetic  field.  Ph2  photodiode  in  fig.  10. 
Ph^  photomultiplier  device. 


imaged  to  an  auxiliary  slit  by  the  objective  lenses  and 
Lg  and  the  mirror  system  the  beam  between  the  lenses  being 
in  parallel.  Then  the  light  is  reflected  to  the  side  by  the 
mirror  Mg  and  made  parallel  by  the  objective  lens  Lg,  at  last 


reaching  the  rotating  mirror  Uy  Finally  it  ia  fooused  on  tha 
alit  of  the  spectrograph  S2  thus  enabling  a  atigaatio  inage  of 
the  oroaa  section  of  the  discharge.  Fart  of  tha  beaa  ia  reflec¬ 
ted  by  a  thin  glass  plate  (silvered  pooryfly  or  not  at  all)  X^ 
and  focused  by  a  Ians  1^  to  a  photographic  plate  F  to  get  a 
simultaneous  anear  photograph.  In  front  of  the  plate  a  thin  wire 
is  fixed  and  adjusted  to  screen  the  partial  bean  when  the  aaln 
beaa  passes  S2»  So  the  tine  of  exposure  can  be  narked  in  the 
tine  scale  of  the  saear  photograph.  The  preionizing  oondensor 
bank  is  fired  by  sending  a  light  bean  from  the  red  filter 
screened  lamp  L  over  a  shutter  Sh^,  a  lens  and  the  mirror  Mg 
to  the  sensitive  element  Ph2  (in  the  trigger  device  shown  in 
fig.  10).  The  light  from  the  preionizing  discharge  then  triggers 
the  magnetic  field  capacitor  bank  via  mirror  X^  and  photomulti¬ 
plier  Fh^.  The  wiring  of  the  latter,  photomultiplier  andtrigger 
circuit  is  shown  in  fig.  14  and  fig.  15. 


XECC81  XECC81 


Fig.  14.  Wiring  of  the  photomultiplier  triggering  device. 

V  is  a  negative  pulse  of  200  Y. 

The  rotating  mirror  M^  is  a  plane  circular  disk  of  14  cm 
diameter  made  of  silvered  glass  and  spinning  with  a  revolution 
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frequency  v  of  175  rev/sec.  With  a  slit  width  of  W*0.25  mm, 
and  the  length  of  the  light  pointer  *  1  *  30  cm  the  time 
of  exposure  At  is  t 

V 

At  ■  ■0.38  jisec  . 

Special  care  was  taken  to  intensity  calibration  and  standard¬ 
ization  of  the  photographic  plates.  Because  of  short  exposure 
time  effect  and  intermittancy  effect  calibration  marks  and  the 
intensity  normal  have  to  be  applied  to  the  plate  with  about  the 
same  exposure  time  as  the  spectrum. 


The  intensity  standard  was  a  carbon  arc  after  Me  Fherson  and 
Euler  <K  marked  in  fig.  13  by  Ca.  The  anode  of  the  arc  is  imaged 
to  a  diaphragm  D  of  rectangular  shape  by  the  objective  lens  L^. 

An  auxiliary  mirror  M^  is  put  into  the  line  of  view  making  M^D 
equal  to  the  distance  M^-center  of  the  discharge  tube.  By  a 
mechanical  shutter  Shg  and  a  rotating  sector  Se  the  light  beam 


is  set  free  for  one  revolution  of  the  mirror  M*  only  to  prevent 
double  exposure.  This  was  controlled  by  photoelectric  means. 
Opening  of  the  slit  S2  to  a  width  four  times  larger  than  was 
used  to  obtain  the  spectrum  of  the  discharge  and  taking  a  much 
larger  solid  angle  (by  moving  away  a  diaphragm  in  front  of  Lg)  ■ 
allowed  to  obtain  sufficient  blackening  of  the  plate  by  the 

1 

intensity  standard.  The  small  change  in  exposure  time  resulting 
from  opening  the  slit  was  taken  into  account  by  measuring  the 
light  pulses  photoelectrically .  The  plate  was  standardized  using 
either  one  or  several  pulses  from  the  carbon  arc;  in  the  latter 
case  the  intensity  was  extrapolated  from  the  function  I=f(n,At), 
where  n  is  the  number  of  exposures,  as  was  furnished  in  a  separate 
investigation. 

Intensity  calibration  marks  were  taken  using  a  luminous 
spare  of  less  than  one  psec  duration  and  taking  care  for  uniform 
illumination  of  the  slit  of  the  spectrograph,  which  was  covered 
with  a  platinum  step  reducer  of  known  transparency. 

The  spectrograph  used  in  this  investigation  was  a  three-prism- 
glass  instrument  after  Fdrsterling  with  a  camera  focal  length 
of  27  cm  and  an  aperture  of  1:4-5*  At  5800  £  the  linear  dispersion 
was  97  S/mm  and  at  4400  S  29  S/mm.  For  exposure  of  the  discharge 
the  slit  width  was  taken  to  be  0.09  mm;  for  standardization 
0.36  mm.  For  the  spectrum  as  well  as  for  the  smear  camera  Ilford 
HPS-plates  were  used  and  developed  in  Faber  Strobofin  for  25 
minute 8  at  26°  C. 

The  spectra  of  the  preionizing  discharge  were  taken  without 
resolution  inttme.  The  effective  time  of  exposure  was  determined 
to  be  300  psec  by  photoelectric  measurement.  The  carbon  arc  was 
exposed  for  the  same  time  using  the  rotating  sector  and  shutter 
only,  see  fig.  13.  Intensity  marks  were  taken  with  step  reducer, 
carbon  arc  and  a  rotating  mirror  system.  The  plates  used  were 
Pancola  17°  developed  in  Agfa  Rodinal. 

The  obtained  spectra  were  analysed  using  a  microphotometer 
and  a  recorder  of  the  type  Rohde  und  Schwarz  Enograph. 
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C.  Spectroscopic  Theory. 


In  this  chapter  a  survey  is  given  of  the  theoretical  formulae 
used  in  spectroscopic  plasaa  research.  Determining  plasma  para¬ 
meters  one  makes  use  of  equations  for  line  and  continuum  inten¬ 
sities  and  on  the  other  hand  Saha  equations  for  the  plasaa* s 
composition.  These  formulae  are  based  on  the  assumption  of  local 
thermodynamic  equilibrium.  The  intensities  given  in  this  chapter 
refer  to  optically  thin  layers. 


1)  The  composition  of  the  plasma. 


Assuming  the  plasma  is  an  ideal  gas  in  local  thermodynamic 
equlibrium,  the  populations  of  the  different  stages  can  be  ob¬ 
tained  from  Saha's  equation: 


(i) 


— K1 -  ‘ 


tr-*l 

kT 


i 


where  the  subscript  r  stands  for  the  stage  of  ionization  (r*0 
neutral  atom,  r=l  single  ionized,  r*2  doubly  ionized).  X*  are 
the  ionization  potentials  respectively  and  Zr  the  partition 
functions  of  species  r|  N_  denotes  the  electron  density.  A  X  is 
the  lowering  of  the  ionization  potential  which  was  estimated  as 
a  function  of  electron  density  after  Uhsttld  8^: 

(2,  et.i(-WVO  . 


Furthermore  is  after  Dalton's  law: 

(3)  Nt  +  T.  Nr  “ 

v»e  R 1  ' 

where  p  is  the  total  pressure  of  the  plasma. 

Involving  the  quasi-neutrality  condition: 

t 

(4)  N.« 

( 1) ,  (3) i  (4)  mount  into  four  equations  determining  the  population 
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NQ«  Nlt  N2»  and  Ne  as  a  function  of  p  and  7.  The  components  of 
the  plasma  were  computed  by  an  eleotronio  ooaputer  IBM  704  at 
several  values  of  p  and  then  plotted. 

2)  Line  Intensities. 


The  intensity  of  spectral  line  arising  from  a  transition 
m  -*  n  is  given  by 


lem.v*  it*  N*,,.  I 


if  one  assumes  optically  thin  layers. 

In  this  formula  are: 

vnm  r  the  fre<luency  of  the  line  m  -*n  of  species  r 
Anm  r  transition  probalitiy 

»m  r  -  population  of  the  upper  level  m  of  species  r 

1  the  Jength  of  the  emitting  layer. 


In  case  of  local  thermodynamic  equilibrium  the  concentration  of 


atoms  is  given  by 

(6)  N„iT  *  N, 


I 


where  g_  „  is  the  statistical  weight  of  the  upper  state  and  _ 
m,r  m.r 

its  excitation  potential. 


3)  The  continuous  emission. 


The  continuum  emitted  from  high-temperature  helium  plasmas 
consists  of  three  components,  the  free-bound  transitions  of 
neutral  and  ionised  helium  and  the  free-free  transitions.  The 


continuous  absorption  coefficients  can  be  calculated  in  the 

Q) 

hydrogenic  approximation,  the  so  called  Unsold  formula  .  Per 
hydrogen  atom  the  total  absorption  coefficient  is: 


(7) 

with 


M  .  «T* 

*»*m — ci? 
“'’TT ~  ’ 
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Applying  this  formula  to  nsutral  hslium  it  should  be  corrected 
by  a  factor  of  2  beoause  in  this  case  there  is  a  singulet  and  a 
triplet  system.  The  continuum  of  the  hydrogenic  helium  ion'  can 
be  calculated  from  the  above  formula  without  any  alteration. 


The  free-free  continuous  emission  ean  be  calculated  using 
Kramers*  formula  ^ i 


(8) 


,ff  _  frfte  t  V 


ifthrUJ  cheNT" 


Including  induced  emission  we  finally  obtain  the  continuous 
intensity: 


(9)  I 


U»t 


„*  V  C\  +  \W  }  • 


These  intensities  were  calculated  with  the  plasma  composition 
in  part  1)  and  then  plotted  as  a  function  of  T  for  several  value 
of  p,  see  fig.  16. 


CmMmm  tmlultn  M  J itO  i 
I  I  !*(•/  prutvrt  In  Bnr 


Fig.  16.  The  continuous  emission  of  a  helium  plasma  at  5220  X. 
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4)  Lin*  broadening. 

The  half  width  of  helium  lines  neutral  ae  well  ae  ionised 
is  obtained  from  the  recent  theoretical  works  of  Qriem,  Baranger, 
Kolb  and  Oertel  and  Shen  12  or  from  Berg's  experimental 
values  . 


D.  Results. 


The  obtained  spectra  were  analysed  using  Abel's  integral 
equations 


with  the  preassumption  of  rotational  symmetry  in  the  plasma. 

The  equation  was  solved  using  a  set  of  coefficients  computed 
by  SSrensen  and  Richter  This  yields  the  Bpectral  intensity 

i(r)  and  therewith  the  radial  distribution  of  the  plasma  para¬ 
meters. 


1)  The  preionization. 

The  spectrum  of  the  preionizing  discharge  consists  of  neutral 
helium  lines  only  (see  fig.  20).  From  the  half  width  of  the  line 
5876  £  35D5  -  25Pg  or  4471  £  45D?  -  35P2  the  electron  densi¬ 

ty  could  be  obtained.  The  radial  distribution  is  shown  in  fig.  17. 
From  the  absolute  intensities  of  5876  £  or  of  4471  £  (in  the 
latter  case  neglecting  the  forbidden  components)  temperature 
and  pressure  can  be  calculated  using  formula  (5)  in  chapter  C  2) 
and  the  plots  of  the  plasma  composition.  The  radial  distributions 
of  temperature  and  total  pressure  can  be  seen  in  fig.  18  and 
fig.  19. 


15) 

e 


+)  For  the  oscillator  strengths  see  Allen 
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Pig.  17.  The  radial  distribution  of  the  electron 
density  in  the  preionizing  discharge. 


13.  The  radial  distribution 
of  total  pressure  in  the 
pre ionizing  discharge. 


Pig.  19.  The  radial  distribution 
of  temperature  in  the 
pre ionizing  discharge. 


Fig.  20.  The  spectrum  of  the  preionising  discharge,  notice  only 
neutral  helium  lines  are  emitted.  Initial  pressure 
12  torr  helium.  Slit  width  of  the  spectrograph  0.06  am 
corresponding  to  0.054  mm  on  the  plate.  Interval  of 
exposure  300  jisec. 


2)  The  magnetic  compression. 


To  give  a  general  view  of  the  phenomenon  a  smear  photograph 


of  the  discharge  is  shown  in  fig.  21.  The  luminosity  of  the 


Fig.  21.  Smear  oamera  photograph  of  a  pulsed  helium  discharge 

compressed  by  a  quickly  rising  aagnetic  field.  Initial 
pressure  12  torr  helius.  Loading  voltage  of  the  pro- 
ionizing  oondensor  bank:  4.2  kV  loading  voltage  of  the 
aagnetio  compression  oondensor  bank  12.0  kV.  Time  re¬ 
solution  1.966  mm/psec.  Scale  of  imaging:  1  cm  in  the 
discharge  corresponds  to  1.503  cm  on  the  smear  oamera 
plate.  Enlarged  1  :  1.92.  For  the  arrow  see  fig.  30 

and  fig.  31* 
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plasma  is  strongly  increased  by  the  magnetic  compression.  The 
distribution  in  time  of  the  light  emission  is  synchronous  to 
H*H  the  interval  between  the  several  bounces  being  6  jisec 
At  the  time  resolution  used  the  preionizing  discharge  is  too 
weak  to  effect  blackening  of  the  smear  photographic  plate. 
During  the  first  half-period  of  the  magnetic  field  oscillation 
the  preionized  plasma  is  heated  further.  A  characteristic 
spectrum  exposed  in  the  first  half-period  is  shown  in  fig.  22. 


5876  4  471 


Pig.  22.  Characteristic  spectrum  exposed  in  the  first  half¬ 
period  of  magnetic  compression.  liotice  strongly 
broadened  neutral  helium  lines  and  absence  of  any 
ionized  lines.  Interval  of  exposure  0.38  jisec. 


Inspite  of  relatively  good  preionization  only  much  broadened 
lines  of  neutral  helium  are  emitted  from  the  discharge.  As 
H»H  rises  uo  its  second  half-period  the  plasma  is  heated  more 
thus  emitting  the  very  intensive  ionized  helium  line  4606  K , 
the  neutral  line  3876  and  a  luminous  continuum  background. 
A  characteristic  spectrum  of  this  phase  of  the  discharge  is 
shown  in  fig.  23. 


D  5876  4686 

Fig.  23.  Characteristic  spectrum  exposed  in  the  second  half¬ 
period  of  the  magnetic  compression.  Interval  of  ex¬ 
posure  0.38  psec. 
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2a)  The  evaluation  of  the  spectra. 


In  this  chapter  firstly  a  survey  is  given  of  the  different 
methods  used  to  determine  plasma  parameters.  The  eleetron 
density  is  obtained  always  from  line  broadening.  For  the 
different  lines  plots  have  been  made  of  the  half  widths  versus 
Ne.  At  high  temperature  the  electron  density  was  obtained  from 
the  width  of  He  II  4686  £j  at  lower  teaperatures  where  no  He  II 
lines  occur  He  I  5876  £  or  He  I  4471  £  was  used.  We  firstly 
describe  the  methods  of  tempera tur  determination  at  high  tem¬ 
peratures  (  more  than  about  55000°  K) . 


a)  Temperature  measurement  from  the  relative  intensities 
of  two  lines  of  different  ionisation  stages. 


Using  equations  (5)  and  (6)  the  intensity  ratio  of  a  He  II 
line  and  a  He  I  line  -4*  can  be  written* 


(10) 


*2  v2^2*®2^®*^ 

17  -  -^-.l^pil)  • 


N2 

where  *»=•  is  the  ratio  of  the  populations  of  the  upper  states. 
n2 

The  ratio  jj—  as  a  function  of  temperature  and  pressure  is 

plotted  in  fig.  24.  The  population  of  the  upper  state  of  the 
line  4686  £  is  shown  in  fig.  25.  With  the  electron  density 
from  line  broadening  temperature  and  total  pressure  can  be  ob¬ 
tained  from  the  plot. 


fi)  Temperature  measurement  from  absolute 
continuum  intensity. 


From  equation  (9)  or  from  fig.  16  the  absolute  continuous 
emission  is  obtained  as  a  function  of  total  pressure  and  tem¬ 
perature.  With  (p,T)  from  line  broadening  a  set  of  values 
p,T  is  found  by  graphical  evaluation.  The  agreement  with  the 
values  furnished  by  method  a)  was  better  than  10  jt. 
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ratio  af  population* 
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Pig.  24  •  Ratio  R  of  the  populations  of  the  upper  states  of 
the  lintim  II  4686  £  and  Be  I  5876  %. 


and  Be  I  5876 


n3 
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Pi a.  25.  Population  of  tha  uppar  stata  4*S  of  Ha  II  4686  £ 
°  as  a  funotion  of  tanparatura  and  praaaura. 


i! 
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I*)  Temperature  determination  from  the  intensities 
of  a  neutral  line  and  the  continuum. 

t 

The  ratio  of  the  continuous  intensity  at  5220  ft  and  of  the 
lias  intensity  of  5876  ft  is  computed  as  a  function  of  tempera¬ 
ture  and  pressure  and  then  plotted,  these  theoretical  values 
(temperature  and  pressure  were  determined  by  method  a)  )  could 
be  compared  with  the  ratios  obtained  from  the  spectra,  the 
agreement  was  within  a  factor  2. 

Helium  II  lines  or  continuous  background  were  not  available 
at  temperatures  below  35000°  K|  so  the  temperature  and  pressure 
must  be  determined  only  from  helium  I  lines. 

f)  Temperature  determination  from  neutral  line  intensities. 


From  the  measured  absolute  intensity  of  a  neutral  helium 
line  the  population  of  the  upper  level  can  be  calculated 
using  equations  (5)  and  (6).  Using  the  plot  shown  in  fig.  26 
and  the  electron  density  from  the  line  width  a  set  of  values 
p,T  is  obtained. 


2b)  Plasma  data  in  the  magnetic  compression  experiment. 

Using  the  methods  described  in  the  preceding  chapter  plasma 
parameters  of  the  magnetically  compressed  discharge  could  be 
obtained  as  functions  of  time  and  space.  The  data  resulting  from 
the  different  quantitative  spectroscopic  measurements  coincide 
quite  well.  This  allows  the  conclusion  that  there  is  only  small 
difference  between  excitation  temperatures  of  the  several 
species  and  on  the  other  hand  ionisation  temperatures.  This 
justifies  the  assumption  of  local  thermodynamic  equilibrium  in 
the  plasma. 

In  fig.  27 ,  28  ,  29  the  plasma  parameters  in  the  center  of 
the  discharge  are  plotted  as  functions  of  time.  The  time  soale 
was  determined  from  the  different  smear  photographs. 


% 
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Pig.  26.  The  population  of  the  upper  level  of  He  I  5876 
3d^D  as  a  function  of  pressure  and  temperature 


Pig.  27.  The  distribution  of  temperature  in  the  center  of  the 
discharge  as  a  function  of  time. 


Pig.  28.  The  distribution  of  electron  density  in  the  center 
of  the  discharge  as  a  function  of  time. 
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Fig.  29.  Total  pressure  in  the  center  of  the  discharge  as 

a  function  of  time. 


From  the  spectra  exposed  in  the  different  phases  of  the 
discharge  the  radial  distribution  of  plasma  parameters  and 
its  variation  with  time  is  obtained.  Characteristic  plots  of 
the  radial  distribution  are  shown  in  fig.  30  and  fig.  31. 

Comparing  the  radial  distributions  at  the  different  times 
mounts  into  the  following  result:  in  the  second  half-period 
the  plasma  radius  (obtained  from  the  p-,  T-  diagrams)  rises 
with  a  velocity  of  about  10^  om  sec”1  beginning  at  a  value 
due  to  remaining  preionisation  from  the  first  half-period 
until  temperature  reaches  its  highest  value.  When  temperature 
and  pressure  decrease  the  plasma  more  and  more  shaped  as  a 
hollow  cylinder  runs  towards  the  wall  of  the  disoharge  tube* 
Distinguished  shook  wave  struoture  could  not  be  observed. 


Unit, 


compression  experiment.  The  time  of  exposure  is 
indicated  in  fig.  21  by  arrows. 


?ig.  31.  Radial  distribution  of  total  pressure'  in  the  magnetic 
compression  experiment.  The  time  of  exposure  is 
indicated  in  fig.  21  by  arrows. 
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E.  Conclusion. 

Magnetic  compression  of  a  discharge  either  by  its  own 

or  by  an  outer  magnetic  field  isthemoet  promising  procedure 

to  produce  plasmas  at  high  temperatures.  In  the  latter  ease 

the  efficiency  of  heating  is  severely  influenced  by  the 

degree  of  pre ionization.  The  use  of  a  pulsed  discharge  of 

relatively  high  pressure  in  helium  fed  by  a  capacitor  bank 

was  very  effective.  Quantitative  Bpectroscopic  methods 

already  proved  in  the  range  up  to  30  000°  K  could  be  applied 

in  plasma  research  up  to  70  000°  K  at  electron  densities 
18 

of  more  than  10  cm  J .  In  this  way  the  evaluation  of  time 
resolved  spectra  yields  plasma  parameters  being  equal  for 
the  different  methods  used.  This  allows  the  conclusion  that 
radiation  is  emitted  from  optically  thin  layers  in  local 
thermodynamic  equilibrium  and  on  the  other  hand  proves  the 
validity  of  spectroscopic  formulae. 

The  temperatures  reached  may  be  further  Increased  with 
more  stored  energy  in  the  magnetic  field  capacitor  bank  and 
a  more  effective  preionization.  The  study  of  magnetic  com¬ 
pression  modified  in  this  way  retains  open  to  further  in¬ 
vestigation. 
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Glossary  of  symbols 


a  Area  of  probing  coil 

A  Transition  probability  of  a  spectral  line 
Bv  Black  body  radiation  function 
c  velocity  of  light 
C  Capacity 
e  Elementary  charge 

g  .statistical  weight  of  an  atomic  energy  level 
H  Magnetic  field  strength 
I  Light  intensity 
J  Current 

Absorption  coefficient 
1  length  of  light  pointer 
L  Inductivity 
A  Logarithmic  dccrementum 
in  Jasc  of  electron 
Electron  density 

v  frequency  of  a  spectral  line  or  of  a  rotating  mirror 
p  pressure 
r  Radius  vector 
R,  Radius  of  discharge  tube 
t  Time 

T  Absolute  temperatur 

to  Time  of  a  full  cycle  of  an  oscillation 
U,V  Voltage 
w  Slit  width 
*X  Excitation  potential 
T(t  Ionisation  potential 
x  Coordinate  in  space 
Z  Ordinal  number  in  the  periodic  system 
Z i  Partition  function 
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